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ABSTRACT 
A quartz fiber electrometer dosimeter systen has Seen designed, 
developed, and tested to demonstrate the applicability of small 
dosimeters of the Neher type for use as space qualified instruments. 
The electrometer consists of a quartz rod 30 mrn long and 3 rnrn in 
diameter partially coated with Au, and a 10 micron diameter quartz 
fiber coated with Signa-Kote to a resistance between 0.25 and 1.5 
megohm/cm. The tissue equivalent ionization chamber has a volume of 
9 cc, is filled with 1 atm. of ethylene, and consists of the automatic 
2 
recycling quartz fiber electrometer inside a 112 mg/cm Signa-Kote 
coated Delrin electrode and a 103 mg/cm2 A1 case. Eight design 
verification units with various electrometer properties were tested 
to determine their operating characteristics. The optimum operating 
voltage for these dosimeters ranged from 30 to 100 volts. The 
dosimeters were calibrated using 'OCO at several dose rates extending 
over 5 orders of magnitude and the response \;as quite good. The 
temperature effects on the units, investigated over intervals as 
large as 220°F (i.e. -40 to +180), do not prescnt any cause for 
concern. Simulated mission vibration and shock testing did not alter 
the detection characteristics of the unit tested. Additional tests 
concerning orientation in gravity fields and gas leakage were also 
generally satisfactory. The work was performed for the Manned Space- 
craft Center, tdational Aeronautics and Space Administration, Houston, 
Texas under Contract No. NAS 9-8752. 
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I .  INTRODUCTION 
1.1 Background I n f o r m a t i o n  
3 e f o r e  d e a l i n g  d i r e c t l y  w i t h  t h e  q u a r t z  f i b e r  e l e c t r o m e t e r  
d o s i m e t e r  sys tem,  i t  i s  of  i n t e r e s t  t o  c o n s i d e r  some s u p p o r t i n g  i n -  
fo rmat ion .  
1.1.1 I I i s t o r y  of  t h e  U s e  of  Q u a r t z  F i b e r s  i n  R a d i a t i o n  Ilosimetry 
Guar tz  f i b e r s  have been used i n  i n s t r u m e n t s  f o r  r a d i a t i o n  
d e t e c t i o n  and dos imet ry  f o r  more t h a n  3 decades .  S e v e r a l  o f  t h e s e  
u s e s  a r e  p r e s e n t e d  i n  T a b l e  1-1. 
Table  1-1 U s e  o f  Quar tz  F i b e r s  i n  Ttadiat ion D e t e c t i o n  
and Dosimetry 
v a r i a b l e  s e n s i t i v i t y  a u t o m a t i c  
h i g h  p r e s s u r e  p r o p o r t i o n a l  
There exists in the literature additional work describing 
techniques of construction ( 7 )  and application(8) of some of the 
instruments mentioned in Table 1-1. 
1.1.2 
There are many areas of science in which the use of quartz fibers 
has led to the development of excellent instruments. One of these 
areas is the accurate weighing of objects with extremely small masses. 
In 1948, Kirk and Schaffer ( 9  constructed quartz fiber helical balances 
in connection with their biological studies. Their design was im- 
proved upon by Drew and Ernsberger (lo) in 1953. These balances were 
very good, Sut in 1369 Bemenway and Patashnick (11) developed n new and 
much more sensitive microbalance. In connection with micrometeorite 
research, they produced an instrument that will directly measure 
masses in the range lo-' - 10-11 grams and, with modification, will 
provide even greater sensitivity. 
1.1.3 Working with Quartz Fibers 
Building instruments utilizing quartz fibers requires knowledge 
of the properties and behavior of quartz as well as experience with 
the physical manipulation of it. There exist problems, such as the 
consistent pulling of very small diameter fibers and the preserva- 
tion of these fibers once they are obtained, which may not have 
obvious solutions to the observer, There is no substitute for 
experience in areas like these, but a study of proven methods and 
techniques is valuable. Properties of quartz, procedures for working 
working w i t h  i t ,  i t s  c l e a n i n g ,  c a r e ,  and p r e s e r v a t i o n  have been 
d i s c u s s e d  i n  t h e  l i t e r a t u r e  by Neher (12) and by C r a i g  and Ki rk .  (13 
1 . 1 . 4  
I n  1965, a commercial ly o b t a i n e d  q u a r t z  f i b e r  e l e c t r o m e t e r  (QFC) 
assembly* was e v a l u a t e d  ( 1 4 )  by GDFW t o  de te rmine  i t s  a p p l i c a b i l i t y  f o r  
use  i n  a  s m a l l ,  l i gh ta re ig i l t ,  i n t e g r a t i n g  d o s i m e t e r  sys tem o p e r a t i n g  on  
t h e  p r i n c i p l e  o f  Neher ' s  i n s t r u m e n t .  ( 2 )  Tha t  i n v e s t i g a t i o n  r e v e a l e d  
t h a t  many problems e x i s t  w i t h  a  sys tem o f  t h e  d e s i r e d  t y p e .  Some o f  
t h e s e  problems i n v o l v e  s e n s i t i v i t y ,  r e p r o d u c t i b i l i t y ,  t e m p e r a t u r e  and 
v i b r a t i o n  s t a b i l i t y ,  and t h e  e r r a t i c  r e c h a r g i n g  o f  t h e  c o a t e d  q u a r t z  
r o d  anode. I n  s p i t e  of t h e  problems involved, it was i n d i c a t e d  t h a t  
t h e  concep t  s h o u l d  be wor th  t r y i n g  i n  a  dos imete r  f o r  manned s p a c e  
f l i g h t .  
1 .2  Na tu re  and O b j e c t i v e s  of  t h e  P r e s e n t  Task 
The For t 'Wor th  D i v i s i o n  of  Genera l  Dynamics C o r p o r a t i o n  pe r -  
formed t h e  work under  C o n t r a c t  NAS 9-8752. 
1 . 2 . 1  Genera l  Scope o f  t h e  E f f o r t  
The purpose  o f  t h i s  work was t o  d e s i g n ,  c o n s t r u c t ,  and e v a l u a t e  
a s m a l l  a u t o m a t i c  r e c y c l i n g  QFC d o s i m e t e r  and t o  d e f i n e  i t s  a p p l i c a b i l i t y  
f o r  u s e  a s  a  s p a c e  q u a l i f i e d  i n s t r u m e n t .  The work i s  r e c o g n i z e d  as 
p r e l i m i n a r y ,  b u t  i t  i s  a  v i t a l  s t e p  forward  i n  t h e  e v o l u t i o n  o f  a 
*The a s s e m b l i e s  were o b t a i n e d  from E l c c t r o - O p t i c a l  Systems,  I n c . ,  
Pasadena,  C a l i f o r n i a .  EOS no l o n g e r  manufactures  o r  marke t s  
e l e c t r o m e t e r  a s s e m b l i e s  of  t h e  t y p e  t e s t e d .  
first-line QFE dosimeter system. 
1.2.2 Details of the Effort 
The statement of the general scope of the work is broad, there- 
fore, clarifying detail is presented in the following discussion. 
1.2.2.1 The Dosimeter 
The dosimeter is to be an instrument of the Keher type. ( 2 )  
The requirement that it be lightweight and small means that the 
entire dosimeter must be much smaller than Neher ' s instruments 
and, consequently, the QFE'assemblies must be much smaller than those 
tested by GDFW (I4) in 1965. This also differs from the 1365 effort, 
which evaluated only the QFE assembly, in that a tissue-equivalent 
ionization chamber operating on the Bragg-Gray principle must house 
the QFE assembly. 
1.2.2.2 The Evaluation Tests 
These tests are designed specifically to determine whether or 
not the dosimeter is qualified for space flight. They include 
determining the dosimeter response at various dose rates and tempera- 
tures using various sources as well as performing mission vibration 
simulation and shock tests . 
Calibration and testing with alpha, beta, gamla, and proton 
radiation will necessarily be performed on space qualified QFE 
dosimeter systems developed using the experience gained during this 
work, but the evaluation tests described herein include only those 
using gamma sources. 
11, THEORETICAL CONSIDERATIONS 
Theoretical considerations are vital to any scientific endeavor. 
They give direction to experiment and serve as a basis from which to 
better understand the phenomena being observed. The development of 
relationships pertaining to the QFE assembly as well as the QFE 
dosimeter system are presented in this Section. 
In order that those unfamiliar with instruments of this type might 
be able to follow through the ensuing discussion, the operation of the 
QFE dosimeters is briefly explained. A quartz fiber and a quartz rod 
are both coated so as to be electrically conducting and placed within 
a tissue equivalent ionization chamber (TEIC). The fiber is placed in 
tension against the rod. When voltage is applied to the fiber, the 
assembly is charged and the fiber is repelled from the rod by the 
Coulomb repulsive force. As the charge on the rod is reduced by the 
radiation, the tension in the fiber returns it to the rod and the cycle 
is repeated. The pulse created during each cycle will be the indication 
that a predetermined amount of radiation has been absorbed in the walls 
of the TCIC. 
The GFE action may take place in a manner different from that just 
described. Consider a coated quartz fiber placed a very small distance 
away from a coated quartz rod. A voltage is applied to the fiber from 
a battery, the other side of which is connected to the ionization 
chamber case. The rod, acting as the anode, collects charge as the 
cllarnber gas is ionized. When enough charge of opposite sign to the 
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f i b e r  charged i s  co1Pected, t h e  f i b e r  w i l l  move under t h e  Coulomb 
a t t r a c t i v e  f o r c e ,  recharge  t h e  rod ,  and r e t u r n  t o  i t s  p o s i t i o n  
away from t h e  rod.  The c y c l e  i s  then repea ted .  This  method i s  re -  
f e r r e d  t o  a s  t h e  NC ( f o r  f i b e r  Not o r i g i n a l l y  i n  Contact  wi th  t h e  rod )  
- - 
method. The t h e o r e t i c a l  c o n s i d e r a t i o n s  presen ted  h e r e i n  w i l l  d e a l  
d i r e c t l y  w i th  t h e  " r e g u l a r "  method desc r ibed  f i r s t ,  b u t  t h e  r e s u l t s  
a r e  a p p l i c a b l e  t o  both  t ypes  of QFE u n i t s .  
2 .1  Force and Def lec t ion  C a l c u l a t i o n s  f o r  t h e  QFE Assembly 
The equa t ions  and c a l c u l a t i o n s  f o r  t h e  Coulomb f o r c e  between t h e  
coated rod  and f i b e r  a s  w e l l  a s  f o r  t h e  r e s u l t i n g  f i b e r  d e f l e c t i o n  a r c  
de r ived  and presen ted  i n  t h e  subsequent d i s cus s ion .  
2 . 1 . 1  
The g r a v i t y  f o r c e  on t h e  q u a r t z  f i b e r  i s  c a l c u l a t e d  below: 
Fg = g r a v i t y  f o r c e  on q u a r t z  f i b e r ,  dynes 
m = mass of t he  f i b e r ,  grams 
L = f i b e r  l eng th ,  cm 
df = f i b e r  d iameter ,  cm 
p  = f i b e r  d e n s i t y  = 2 . 2  grams/cc 
g  = a c c e l e r a t i o n  of  g r a v i t y  = 9 8 0 . 6 6 5  cm/sec 2 
When t h e  known va lues  a r e  used, Equation 1 becomes 
This  f o r c e  a s  a  f u n c t i o n  of L f o r  v a r i o u s  d iameters  i s  shown i n  
F igu re  2-1 .  
2 . 1 . 2  
I t  i s  of i n t e r e s t  t o  make an approximate c a l c u l a t i o n  of t h e  
r e p u l s i o n  f o r c e  between t h e  f i b e r  and t h e  rod of t h e  QFE u n i t s .  
Following t h e  d e f i n i t i o n s  and F igure  2-2,  t h a t  c a l c u l a t i o n  i s  shown. 
F, = Coulomb r e p u l s i v e  f o r c e ,  dynes 
u = #cou~ombs/cm on f i b e r  
X = #coulombs on rod 
Le = l eng th  of e l e c t r i c a l  conductor coated p o r t i o n  of q u a r t z  rod,  cm 
y = rod r a d i u s ,  c m  
r ,  x ,  c ,  d  = l e n g t h s ,  em ( r e f e r  t o  F igure  2-2) 
L = f i b e r  l e n g t h  = c  + d ,  cm 
Gauss' law may be w r i t t e n  a s  
where E i s  t h e  e l e c t r i c a l  f i e l d ,  A t h e  a r e a  of concern, Q t h e  charge,  
and c o  t h e  p r o p o r t i o n a l i t y  cons t an t .  The s u r f a c e  a r e a  of t h e  cy l in -  
d r i c a l  p o r t i o n  of i n t e r e s t  a t  r a d i u s  r i s  
0 7 8 9 10 1 1  12 
Fiber Length, mm 
Figure 2-1 Gravitational Force vs. Fiber Length for Various1 Diameter Fibers 

Combining Equations 3 and 4 and us ing  t h e  d e f i n i t i o n s  above, t h e  
fo l lowing  equa t ion  i s  ob ta ined .  
I n  g e n e r a l ,  t h e  f o r c e  on a  charged body p laced  i n  t h e  f i e l d  
desc r ibed  by Equation 5 i s  given by 
where dq i s  t h e  d i f f e r e n t i a l  charge on t h e  body. I n  our problem, 
dq i s  t h e  d i f f e r e n t i a l  charge on t h e  conducting f i b e r  and may be 
w r i t t e n  a s  
dq = o- dx. 
Using Equat ions  5 and 7, 6 becomes 
2 2 where r 2  = x +y . Using e o  = 8.87 ( 1 0  -I7) and i n s e r t i n g  t h e  
i n t e g r a t i o n  l i m i t s ,  Equation 8  becomes 
A f t e r  performing t h e  i n d i c a t e d  i n t e g r a t i o n ,  Equation ( 9 )  becomes 
which i s  t h e  approximate express ion  f o r  t h e  Coulomb r e p u l s i v e  f o r c e  
between t h e  rod and t h e  f i b e r .  
2.1.3 Noment of I n e r t i a  
The moment of i n e r t i a  of a  c i r c u l a r  c r o s s  s e c t i o n  of a rod  i s  
about  t h e  a x i s  pas s ing  through t h e  c e n t e r  of g r a v i t y  of t h e  rod.  
Vhen t h e  q u a r t z  f i b e r  is considered,  Equation 11 becomes 
where df i s  t h e  f i b e r  d iameter .  
A l e a s t  squa re s  curve f i t  was performed on a v a i l a b l e  d a t a  and 
an equa t ion  f o r  Young's modulus was determined f o r  smal l  d iameter  
qua r t z  f i b e r s .  The f i t t e d  curve,  shown i n  F igure  2-3, i s  given by 
2.1.5 Def l ec t ion  of t h e  F ibe r  
The d e f l e c t i o n  of t h e  f i b e r  away from t h e  rod may be c a l c u l a t e d  
by so lv ing  t h e  b a s i c  equa t ion  
A Data from Reinkober, O , ,  
Phys. Zeits., 38, 112 (1937). 
0 Fitted curve 
Fiber Diameter, df, microns 
Figure 2-3 Curve Fitted to Elastic Modulus Data 
where s is the displacement of the fiber from its original position, 
in cn, and Mx is the bending moment. Y and I have previously been 
defined. It is assumed that the repulsive force, F,, acts at the 
center of mass. The system is shown in Figure 2-4. 
From consideration of the free body diagram, it is seen that 
and 
- FI, - - F L. 
r , 
Then, for 0 r x r - L, 
2 
For L r x 5 L, 
- 
2 
Equation 14 must thus be solved for the two values of Mx as defined by 
Equations 17 and 18. They are written as Equations 19 and 22 and are 
solved below. 

d s  - Frx Y I -  - -  
2  ( L  - x)  a x  
d s  ds  
x =  L s = s (Cq. 2 1 1 ,  z = z  
- 
(Eq. 2 0 )  
2 
F ~ L ~  ds - Y I -  - -  
dx 8 
The f o r c e ,  Fr ,  i s  s a i d  t o  a c t  a t  t h e  c e n t e r  of mass (cm) of 
t h e  f i b e r  i n  a r a d i a l  d i r e c t i o n .  The displacement  i n  t h e  y d i r e c -  
t i o n  ( s e e  F igure  2-2) i s  caused by t h e  component of Fr i n  t h a t  d i r e c -  
t i o n ,  i . e . ,  F F i s  given by 
Y *  Y 
where 
and 
Using t h e  above,  E q u a t i o n s  21  and 2 4  become 
and 
2.1.6 Computation R e s u l t s  
Computat ions made u t i l i z i n g  t h e  r e l a t i o n s h i p s  developed i n  t h e  
p r e c e d i n g  5 p o r t i o n s  a r e  shown h e r e .  
2.1.6.1 Force  C a l c u l a t i o n s  
One o f  t h e  r e q u i r e m e n t s  f o r  s u c c e s s f u l  o p e r a t i o n  of t h e  QFC i n  
v a r i o u s  g r a v i t a t i o n a l  f i e l d s  i s  t h a t  t h e  r e p u l s i v e  f o r c e  between t h e  
r o d  and f i b e r  b e  g r e a t e r  t h a n  t h e  f o r c e  of g r a v i t y  on t h e  f i b e r .  I t  
i s  assumed t h a t  t h e  e a r t h ' s  f i e l d  w i l l  be t h e  l a r g e s t  i n  which sus -  
t a i n e d  o p e r a t i o n  w i l l  b e  r e q u i r e d .  F i g u r e  2-5 shows t h e  r e l a t i v e  s i z e  
of  t h e s e  f o r c e s  f o r  v a r i o u s  s i z e d  f i b e r s .  
The r e p u l s i v e  f o r c e  i t s e l f  i s  v e r y  dependent  on t h e  amount of  
c h a r g e  on t h e  r o d  and t h e  c h a r g e  p e r  u n i t  l e n g t h  on  t h e  f i b e r .  T h i s  
f o r c e  i s  p l o t t e d  a g a i n s t  t h e  c h a r g e  p r o d u c t  i n  F i g u r e  2-6 f o r  two r o d  
s i z e s .  The l a r g e r  r o d  shows a  s m a l l e r  f o r c e  of  r e p u l s i o n  f o r  t h e  
same c h a r g e  due t o  t h e  f a c t  t h a t  t h e  a v e r a g e  d i s t a n c e  between t h e  
c o n c e n t r a t i o n s  of  c h a r g e  i s  g r e a t e r .  
2.1.6.2 D e f l e c t i o n  C a l c u l a t i o n s  
The d i s p l a c e m e n t  of t h e  f i b e r  from i t s  o r i g i n a l  p o s i t i o n  i s  
shown i n  F i g u r e  2-7 f o r  two f i b e r s  of  d i f f e r e n t  d i a m e t e r  s u b j e c t e d  
to the same force. Figure 2-8 shows the displacement of 10 micron 
diameter fibers subjected to various forces. 
Repulsive Force, F,, dynes 
Figure 2-5 Comparison of the Repulsive and Gravitat ional 
Forces 
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Figure 2-6 Force vs. Charge Product wi th  Rod Daimeter as 
Parameter 
F = 0.0302 dynes 
Le= 2.0 cm 
y = 0.15 cm (i.e. 3mm rod) 
c = 0.5 cm 
d = 0.3 cm 
a = 10-1 lcoulombs/cm 
A = 10-10coulombs 
Distance along Fiber, x,cm 
Figure 2-7 Comparison of Fiber Liftoff Distance for Two Fiber Diameters 
Distance along Fiber, x, cm 
F igure  2-8 Var ia t ion  in Lif tof f  Distances of 10 M i c r o n  Fibers f rom 3 m m  Rods 
for  Several Values of t h e  Repulsive Force 
2 . 2  
The QFE dosimeter  o p e r a t e s  u t i l i z i n g  t h e  Bragg-Gray p r i n c i p l e  
because of i t s  s i z e ,  nearness  t o  e l e c t r o n i c  equ i l i b r ium,  and t h e  
s i m i l a r i t y  of composit ion of t h e  medium and t h e  gas .  Because it 
o p e r a t e s  by t h e  Bragg-Gray p r i n c i p l e ,  many p e r t i n e n t  r e l a t i o n s h i p s  
may be der ived .  These r e l a t i o n s h i p s  a r e  p re sen ted  a f t e r  t h e  
q u a n t i t i e s  a r e  def ined .  
2 . 2 . 1  D e f i n i t i o n s  
E = #ev /un i t  mass of medium absorbed by t h e  medium 
p = Sm/Sg = mass s topping  power r a t i o  of medium t o  gas  
J = # i o n  p a i r s / u n i t  mass of gas  
w = #ev/ion p a i r  of gas  
D = absorbed dose,  r a d s  
m = mass of gas ,  grams 
f = c o l l e c t i o n  e f f i c i e n c y  
B = #coulombs c o l l e c t e d  on rod pe r  r a d  dose 
Qo = t o t a l  charge on QFE when f u l l y  charged,  coulombs 
C = capac i tance  of QFE chamber, f a r a d s  
QR = charge on QFE when r e c y c l e  occurs ,  coulombs 
Vo = b a t t e r y  vo l t age ,  v o l t s  
avo = r e c y c l e  vo l t age ,  v o l t s  
S = s e n s i t i v i t y ,  amps/rad/hr 
P = p r e s s u r e ,  rnm IIg ( i , e ,  Tor r )  
V = volume of chamber, cm 3 
R = gas constant, 0.0821 l-atom/mol-deg 
T = temperature, O K  
n = #moles of gas in chamber 
M = molecular weight of gas, grams 
2.2.2 Derivations 
2.2.2.1 Bragg-Gray 
The Bragg-Gray theory says that 
E = p Jw. 
The absorbed dose may then be expressed as 
after converting ev to ergs and remembering 1 rad = 100 erg/gram. 
Equation 31 may be modified to read 
Jmf - 
- -  
6.25 ( L O ~ ~ )  mf -
D W P  
which is the number of charges collected on the rod per rad dose. 
From Equation 32, one obtains 
It is obvious that 
Using Equation 34 in 33, one obtains 
which must be satisfied if the recycling is to be done at a dose of 
D rads. 
The sensitivity may be calculated as 
S =  - B = 2.78(10'9) m f .  - 
3600 WP 
2.2.2.2 Ideal Gas Law 
The above equations may be modified by use of the ideal gas law, 
that is, 
'5 PMV m = IQI = 1.602 (10 ) - .  
T 
Using Equation 37, 35 and 36 become 
CVo (1 - a! ) = 1.602 (10- 10) PMVfD 
Twp 
and 
S = 4.454 (10 -14) PMVf 
TwP * 
2.2.2.3 
The QFE dosimeters developed in this work use Delrin walls and 
ethylene gas to render them tissue equivalent. That this combination 
will cause the dosimeters to be tissue equivalent is shown in 
Appendix A. 
The recycling and sensitivity relationships developed above may 
be further modified due to this specification of the construction 
materials. The use of ethylene gas allows taking M = 28.05 and 
w = 26.2. The use of a Delrin medium leads to the value of p= 0.904. 
(see Appendix B. ) 
When a p p l i e d  t o  t h e  equa t ions  r e s u l t i n g  from t h e  Bragg-Gray 
theory ,  t h e  s p e c i f i e d  numbers modify them t o  be 
CV, (1 - a ) = 4 . 2 2  ( l o m 7 )  m f D  
and 
s = 1.174 ( 1 0 - 1 0 )  mf. 
When a p p l i e d  t o  t h e  equa t ions  r e s u l t i n g  from t h e  i d e a l  gas  law and 
t h e  Bragg-Gray theo ry ,  t h e  express ions  become 




The de r ived  r e l a t i o n s h i p s  f o r  t h e  r e c y c l i n g  cond i t i on  and t h e  
s e n s i t i v i t y  ( i . e .  Equations 42 and 43) when t h e  m a t e r i a l s  a r e  s p e c i f i e d  
and t h e  i d e a l  gas  law i s  used i n  conjunc t ion  wi th  t h e  Liragg-Gray theory  
a r e ,  of course ,  on ly  approximations.  These approximations may, however, 
be used t o  p r e d i c t  d e f i n i t e  performance t r e n d s  f o r  t h e  QFE dosimeters .  
F igures  2-9 and 2-10 demonstrate f o r  v i s u a l  p e r u s a l  t h e  i n t e r -  
r e l a t i o n s h i p s  between t h e  r e l e v a n t  v a r i a b l e s  f o r  reasonable  va lues  of 
t h e  v a r i a b l e s .  


111. DESIGN, DEVELOPMENT, AND CONSTRUCTION 
The QFE dosimeters were designed, developed, and constructed 
following the two basic guidelines: 
A. The QFE assembly is to be of the type originally described 
by Neher. (2) 
B. The QFE dosimeter is to be small and tissue-equivalent. 
3.1 
The primary difficulty, according to several companies contacted, 
involved in building the QFE is obtaining uniform quartz fibers of 
small diameter (i.e. the order of 10 microns). A GDFW technician, 
after instruction from an experienced quartz-workman*, is able to 
consistently obtain the desired fibers. The method used to do this 
is essentially the one described by Neher (I2) utilizing the force of 
the flame to elongate the thin fibers. 
The QFE did not, of course, assume their final designed form 
until after a substantial amount of experimental work had been done. 
The purpose of the following discussion is to briefly trace the 
progress of the QFE to the point where their use inside the TEIC 
became feasible, 
"Dave IIoleombe, General Electrodynamics Corporation, 4430 Forest Lane, 
Garland, Texas 75040 
3 1 . 2 1 1  - Size. The approximate size of the QPE assemblies was 
determined by the desire to keep the dosimeters small (i.e.- 5-15cc). 
The quartz fiber diameter was fairly early determined to be about 10 
microns both from the examination of previous work (2f4) and from the 
theoretical deflection calculations presented in the preceding 
Section. The range of sizes investigated is indicated in Table 3-1. 
Table 3-1 Range of QFE Sizes Investigated 
Rod Diameter 2 - 6.35 mm 
Fiber Length 7 - 14 mm a- Quartz Coated to 
be Electrically 
Fiber Diameter - 5 - 15 microns 
3.1.2.1.2 Conductive Coatings. Neher (2) utilized Aquadag (i.e. 
colloidal graphite) to coat the quartz rods and gold to coat the fibers. 
He also indicated that a gold rod and a gold fiber combination produce 
cohesive forces so great that the fiber will not always fly away, 
Neher ( 4 )  later produced an instrument that utilized Aquadag for all 
conductive surfaces. 
The conduct ive  c o a t i n g s  t e s t e d  on t h e  QFE assemblies  i nc lude  a l l  
combinations of gold  and Signa-Kote*. Signa-Kote i s  e s s e n t i a l l y  t h e  
same a s  Aquadag, b u t  i s  more convenien t ly  sprayed and may be purchased 
ready f o r  use.  
The v a r i o u s  combinations of conduct ive  c o a t i n g s  t e s t e d  a r e  shown 
i n  Table  3-2 a long w i t h  t h e i r  r e s p e c t i v e  r e s i s t a n c e  read ings .  The 
r e s i s t a n c e  f o r  t h e  NC type  u n i t s  ( f i b e r  o r i g i n a l l y  away from rod )  i s  
t h a t  taken when t h e  f i b e r  makes c o n t a c t  wi th  t h e  rod.  The r e s i s t a n c e  
of t h e  e n t i r e  u n i t  i s ,  however, e s s e n t i a l l y  t h a t  of t h e  coa ted  q u a r t z  
f i b e r  . 
Table 3-2 Summary of Conductive Coat ings  and 
Res i s tance  Values f o r  A l l  Uni t s  Constructed 
*Signs-Kote i s  a product  of  Mealey Grease and O i l  Co., 17509 So. 
Miles Road, Cleveland,  Ohio 44128. I t  appears  t o  be a f i n e l y  
d iv ided  g r a p h i t e  suspended i n  a c h l o r i n a t e d  hydrocarbon such as 
carbon t e t r a c h l o r i d e ,  t r i c h l o r o e t h y l e n e ,  parach loroe thy lene ,  o r  
a mixture  of t he se .  Upon evapora t ion  of t h e  c a r r i e r ,  a  dry coa t ing  
i s  depos i ted .  
3.1.2.1.3 . T r a d i t i o n a l l y ,  t h e  coa ted  q u a r t z  rods  
have been c y l i n d r i c a l  i n  shape. The assemblies  t e s t e d  were g e n e r a l l y  
of t h i s  t r a d i t i o n a l  c y l i n d r i c a l  shape,  b u t  s e v e r a l  assemblies  had a 
f l a t t e n e d  p o r t i o n  a long t h e  rod  where t h e  f i b e r  made con tac t .  This 
f l a t t e n e d  " s ide"  a l lows  g r e a t e r  f o r c e s  t o  be  developed because t h e  
charges  on t h e  rod  and on t h e  f i b e r s  a r e  nea re r  one another  t han  i n  
t h e  p l a i n  c y l i n d r i c a l  shape. 
3.1.2.1.4 . A photograph of 
fou r  types  of QFE assemblies  t e s t e d  i s  shown a s  F igure  3-1. The 
r i g h t  hand w i r e  on each assembly i s  f o r  out-of-chamber t e s t i n g  
purposes and i s  n o t  p r e s e n t  when t h e  u n i t s  a r e  i n s e r t e d  i n  i o n i z a t i o n  
chambers. I t  should be noted t h a t  t h e s e  u n i t s  were among t h e  e a r l i e s t  
ones b u i l t  and a r e  somewhat rough i n  appearance. A b r i e f  d e s c r i p t i o n  
of  t h e  u n i t s  i n  t h e  photograph i s  p re sen ted  i n  Table 3-3 moving clock- 
wise  from t h e  upper r i g h t  hand assembly. 
Table  3-3 Descr ip t ion  of QFE i n  F igure  3-1 

3,1.2.2 
The appa ra tus  u t i l i z e d  i n  t h e  development t e s t i n g  of the QFC i s  
designed t o  be  v e r s a t i l e .  I t  i s  s imple  and u n c l u t t e r e d  f o r  t h e  g r o s s  
t e s t i n g  t o  determine whether o r  n o t  t h e  u n i t s  w i l l  ope ra t e ,  b u t  i s  
e a s i l y  modified t o  examine p u l s e  shapes when r equ i r ed .  The reader i s  
reques ted  t o  remember t h a t  t h i s  p a r t i c u l a r  d i s c u s s i o n  i s  l i m i t e d  t o  
t h e  development of t h e  r e c y c l i n g  QFE assembly i t s e l f  and it i s  n o t  
mounted i n  t h e  T E I C  t o  form t h e  complete dosimeter ,  
3.1.2.2.1 Tes t  f o r  Recycling Operation.  The schematic f o r  tile 
g ros s  r e c y c l i n g  t e s t  c i r c u i t r y  i s  shown i n  F igu re  3-2, This t e s t i n g  
was done wi th  a  nega t ive  v o l t a g e  on t h e  f i b e r  i n  o r d e r  t o  a l l o . ~  
s imu la t ion  of t h e  r a d i a t i o n .  When t h e  6 1 0 C  i s  s e t  on 10"  ohms, 
it f u r n i s h e s  a  l o w n  amp c u r r e n t  and d i s p l a y s  t h e  v o l t a g e  on i t s  meter.  
When t h e  QFE ope ra t e s  p rope r ly ,  t h e  fol lowing sequence occurs :  t h e  
v o l t a g e  i s  app l i ed  t o  t h e  f i b e r ,  t h e  rod and f i b e r  a r e  charged up, t h e  
f i b e r  f l i e s  away from t h e  rod ,  t h e  charge on t h e  rod i s  drained 
( n e u t r a l i z e d )  by t h e  6 1 0 C  c u r r e n t ,  t h e  f i b e r  r e t u r n s  t o  t h e  rod,  and 
t h e  cyc l e  i s  repea ted .  The v o l t a g e  a t  which t h e  f i b e r  f l i e s  away a s  
w e l l  a s  t h a t  t o  which t h e  r o d  f a l l s  before  t h e  f i b e r  r e t u r n s  may be 
determined by simply observing t h e  610C meter. 
F igu re  3-3 i s  a  phokograph of t h e  b a s i c  t e s t  assembly. Seve ra l  
of t h e  QFE a r e  i n  the d e s i c c a n t  j a r  on t h e  c l e a n  bench. The Cu 
s h e e t  a t t a c h e d  t o  t h e  breadboard f o m s  t h e  c e n t r a l  p o r t i o n  of t h e  t e s t  
assembly, The ba re  q u a r t z  p o r t i o n  of t h e  QFE i s  i n s e r t e d  i n  a  cork 
Wire to Battery 
Drawing o f  I / 
/ 
Wire to 610C 




Figure 3-2 Schematic for Gross Recycling Tests 

which i n  t u r n  i s  h e l d  i n  p l a c e  by t h e  curved Cu s h e e t .  The a l l i g a t o r  
c l i p s  mounted on t h e  j a r  l i d  i n  f r o n t  of t h e  610C proved conven ien t  
by ho ld ing  t h e  QFE by t h e  l e a d  wires w h i l e  making t h e  expe r imen t a l  
a r rangements .  
3.1.2.2.2 . The p u l s e  
c h a r a c t e r i s t i c s  of t h e  QFE may be  determined w i t h  t h e  c i r c u i t  whose 
schemat ic  i s  shown i n  F i g u r e  3-4a. Th i s  c i r c u i t ,  i n  r e l a t i o n s h i p  t o  
t h e  Cu shee t /b readboard  combinat ion i s  shown i n  F i g u r e  3-4b. R e s u l t s  
o f  tes ts  conducted i n  t h i s  manner i n f l u e n c e d  t h e  d e s i g n  of t h e  a m p l i f i e r  
f o r  u s e  w i t h  t h e  complete  QFE dos imete r .  A complete e l e c t r o n i c s  
d i s c u s s i o n  i s  p r e s e n t e d  i n  Chapter  4.  
3.1.2.3 
The optimum QFE was s e l e c t e d  on t h e  b a s i s  of t h e  performance of 
a l l  t h e  u n i t s  t e s t e d  i n  t h e  manner a l r e a d y  de sc r i bed .  The p a r t i c u l a r  
c h a r a c t e r i s t i c s  t h a t  were found on t h e  most s u c c e s s f u l  u n i t s  were in -  
c o r p o r a t e d  t o  d e f i n e  t h e  optimum u n i t .  The optimum parameter  d e t e r -  
mina t ion  was under taken  a f t e r  22 QFE had been made t o  r e c y c l e .  These 
pa ramete r s  were determined by examinat ion of t h e  d a t a  p r e s e n t e d  i n  
Tab le  3-4. A s k e t c h  o f  t h e  optimum QFE w i t h  t h e  p e r t i n e n t  pa ramete r s  
shown i s  p r e sen t ed  a s  F i g u r e  3-5. 
A f t e r  de te rmin ing  t h e  optimum c h a r a c t e r i s t i c s ,  t h e  QFE were a l l  
c o n s t r u c t e d  w i t h  t h o s e  c h a r a c t e r i s t i c s  i n  t h e  manner d e s c r i b e d  i n  
t h e  f o l l owing  d i s c u s s i o n .  
90MS QFE 
(a) Schematic 
Cu sheet (ground) 
(b) Schematic with Mounting Details QFE Unit i n  Cork 
Sits i n  Cu Sheet 
Figure 3-4 Ci rcu i t ry  for QFE Pulse Characteristic Test 
T a b l e  3 -4  Data f o r  Optimum Parameter  De te rmina t ion  
I, Rod/Fiber C o a t i n g  
2 .  Rod Diameter  (mm) 
3 .  Rod Length (mrn) 
4 .  F l a t  S i d e  ( y e s  o r  no)  
5. R e s i s t a n c e  (megohms) - u n i t s  w i t h  g o l d  r o d ,  Signa-Koted f i b e r  
S d e n o t e s  Signa-Kote, G d e n o t e s  go ld .  
Denotes % d e f i n i n g  t h e  optimum v a r i a b l e ,  
The performance of t h e  u n i t s  i n  r e c y c l i n g ,  independen t  
of  t h e  p e r c e n t a g e  of r e c y c l e  tes ts ,  was b e s t  i n  t h i s  r ange .  
@ Rod Coating - Gold 
@ Fiber Coating - Signa-Kote 
Rod Length - 30 mm 
@ Rod Diameter - 3 mm 
@ Rod Peculiarities - Partially flattened side for better 
fiber contact 
0 Resistance - 0.25 - 1.5 Megohoms (Measured A to B) 
- Uncoated Quartz QFE SKETCH I S  DOUBLE ACTUAL SIZE 
- Gold Coated Quartz 
Signa-Kote coated 10 micron 
Partially flattened 
side for better fiber contact 
Figure 3-5 The Optimum QFE Parameters 
3.1.2.4 C o n s t r u c t i o n  Procedure  
Many p rocedures  were a t t e m p t e d  b e f o r e  s e t t l i n g  on t h e  ones  used  
f o r  c o n s t r u c t i o n  o f  t h e  QFE w i t h  optimum paramete r s .  C l e a n l i n e s s  is  
v e r y  i m p o r t a n t  t o  t h e  s u c c e s s  of  t h e  QFE and t h e  m a t e r i a l s  from which 
t h e  u n i t s  a r e  made a r e  c a r e f u l l y  c l eaned  and handled .  The assembly 
work i s  done on a c l e a n  bench and t h e  u n i t s  n o t  i n  u s e  a r e  s t o r e d  i n  
a c l e a n ,  d r y  env i ronmenta l  j a r .  
The t h i n  g o l d  c o a t i n g  of t h e  q u a r t z  r o d  i s  accomplished u s i n g  
t h e  equipment  shown i n  F i g u r e  3-6. Approximately 1 gram of g o l d  i s  
p l a c e d  i n  a t u n g s t e n  b o a t  between t h e  e l e c t r o d e s .  The QFE are 
a t t a c h e d  by t h e i r  l e a d  w i r e s  t o  t h e  g e a r s  above t h e  e l e c t r o d e s .  The 
- 5  
sys tem i s  evacua ted  t o  abou t  10 T o r r ,  t h e  g e a r s  a r e  r o t a t e d  s o  a s  
t o  a l l o w  uni form c o a t i n g  o f  t h e  u n i t s ,  and c u r r e n t  i s  a p p l i e d  t o  t h e  
b o a t  th rough  t h e  e l e c t r o d e s  t o  e v a p o r a t e  t h e  g o l d  o n t o  t h e  QFE. 
Figure 3-6 Equipment for Gold Coating the Quartz 
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The quartz fibers are spray coated with Signa-Kote while spinning 
rapidly in a lathe. It is hoped that the spinning action will allow 
a fairly uniform coating to be obtained. The coating is continued 
until resistances in the neighborhood of 0.25 - 1.5 MQ/cm are obtained. 
The complete procedure for the construction and care of the 
assemblies is outlined and presented as Figure 3-7. 
3.2 The TEIC 
The basic idea behind the construction of a tissue equivalent 
ionization chamber (TEIC) 5 s  to measure the so-called "tissue-rad, " 
that is, 100 ergs/gram absorbed in human muscle tissue. The chamber 
materials and design must be carefully selected in order to meet this 
requirement. 
3.2.1 Materials Selection 
The ionization chamber designed to house the QFE assembly is 
tissue equivalent by virtue of having Delrin walls and being filled 
with ethylene gas (1 atm. pressure is used to minimize leakage 
problems). It is shown in Appendix A that this combination does 
indeed allow the construction of the TEIC. 
The materials other than Delrin and ethylene used in the QFE 
dosimeter are quartz and aluminum. The quartz forms the detection 
element while the aluminum forms the cover and backplate of the 
completed unit, The 6061 aluminum was selected because of already 
being NASA approved as well as being readily available. Physical 
properties of quartz and aluminum as well as those of Delrin and 
o Acetone 
e Rinse - distilled 
water 
e Nitr ic  acid 
o Rinse - distilled 
water 
e Bake out 
CONSTRUCT THE BASIC QFE I 
Wipe quartz clean with acetone 
o Heat quartz to just below 
softening point to reduce 
charge "soak-in" 
o Construct basic unit of main 
rod, fiber support rod, 
flatten side 
o Acetone to cut grease 
o Rinse i n  distilled water 
Clean in  nitric acid (this 
oxidizing agent removes ab- 
sorbed organic matter) 
e Rinse in  distilled water 
e Bake out in vacuum oven 
o Attach wires with Torr-Seal 
(handle only by portion to be 
used as insulator) 
Let connections dry 
e Mask off the insulator 
Attach fibers to support clean, dry container (use 
rod by use of Signa-Kote drying agent such as silica gel 
Figure 3-7 QFE Construction Procedure 
e t h y l e n e  a r e  p r e s e n t e d  i n  Appendix C.  
3 .2 .2  Chamber C h a r a c t e r i s t i c s  
The chamber c h a r a c t e r i s t i c s  a r e  shown i n  T a b l e  3-5 and b r i e f l y  
d i s c u s s e d  below. 
The chamber s i z e  i s  approx imate ly  de te rmined  by t h e  s i z e  of  
t h e  QFE assembly,  The chamber must  p r o v i d e  a d e q u a t e  c l e a r a n c e  f o r  
t h e  QFE a t  t h e  end a s  w e l l  a s  a l l  around.  
The t h i c k n e s s  of  t h e  w a l l  formed by t h e  A 1  c o v e r  and t h e  D e l r i n  
e l e c t r o d e  i s  de te rmined  by t h e  r e q u i r e m e n t  t h a t  t h e  e l e c t r o n s  r e a c h i n g  
t h e  g a s  volume be e s s e n t i a l l y  t h o s e  "knocked o u t "  o f  t h e  D e l r i n  when 
t h e  d o s i m e t e r  i s  s u b j e c t e d  t o  a gamma f i e l d .  
3.3 The Complete QFE Dosimeter  
The comple te  QFE dos imete r  assembly which, w i t h o u t  t h e  g a s  
f i l l  t u b e ,  weighs approx imate ly  2 3  grams i s  shown i n  F i g u r e  3-8. 
The exploded view o f  t h e  d o s i m e t e r  i n c l u d e s  t h e  f o l l o w i n g  i t e m s  
from r i g h t  t o  l e f t :  A 1  cover ,  D e l r i n  e l e c t r o d e  p a r t i a l l y  c o a t e d  
v i t l l  Signa-ICote and t h e  Cu p i e c e  t o  a s s u r e  good c o n t a c t  w i t h  t h e  
A l ,  QPE, D e l r i n  s u p p o r t ,  s i g n a l  c o n t a c t ,  indium s e a l ,  chamber 
b a c k p l a t e  w i t h  feed th rough  and g a s  f i l l  t u b e ,  and chamber screws. 
Table 3-5 
Chamber Characteristics 
coated with volume of the 
QFE and the 
RAB < 20,000 ohms 

IV, ELECTRONICS 
The purpose of this discussion is to show how the experimental 
data was taken and to describe the relevant circuitry and electronic 
components. The output of a further developed QFE dosimeter would 
probabily be on a visual digital display (e.g, electroluminescent) 
updated by the successive pulses from the dosimeter and with each 
pulse signifying that a predetermined dose had been absorbed. The 
present assembly furnishes the same type pulses observed in various 
radiation fields. Knowing the time between pulses and the dose rate 
allows one to calculate the dose absorbed corresponding to a pulse. 
The instrument may thus be calibrated and be a useful radiation 
dosimeter. The electronics described below allow the necessary data 
to be taken. 
4.1 
The operation of the complete electronics system used in the 
acquisition of the data is explained with reference to Figure 4-1. 
The QFE is charged via the Keithley power supply and the fiber is 
repelled from the rod. As the radiation leads to the ionization 
of the ethylene gas and as the ions are collected, the charge on 
the rod is neutralized thus allowing the fiber to again approach 
the rod. When the charge on the rod becomes so small that the 
Coulomb force can no longer keep the fiber away, the fiber makes 
contact with the rod and a pulse is developed as the QFE is re- 
charged. This pulse is amplified and used to turn on the Canberra 
47 
KElTHLEY 246 HIGH 
VOLTAGE SUPPLY 
HEWLETT-PACKARD 




Figure 4-1 Schematic of t h e  Complete Electronics System 
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timer. The next pulse, or any succeeding one, may be used to turn 
off the timer. The time for any number of pulses to occur may thus 
be obtained. Knowing the dose rate from the radiation source allows 
the calculation of the absorbed dose necessary to cause a pulse and, 
consequently, the calibration of the QFE dosimeter. 
4.1.1 QFE Dosimeter Details 
The QFE dosimeter has an extremely small capacitance. The results 
of measurements made from the feedthrough pin to the chamber backplate 
with a Tektronix Type 1 3 0 , L - C  meter are presented in Table 4-1. 




The charge transfer per pulse is calculated to be approximately 
3.5 (10 -I1) coulombs when 15 volts is taken to be a typical value of 
the potential difference between the fiber and the rod just prior to 
recycling. It is recognized that the above figure is very rough 
(and probably high) since the capacitance of the backplate, feed- 
through, etc. are included with that of the QFE chamber in the 
measured values, 
*Denotes NC-type unit described in Section I1 
49 
4.1.2 
The pulse available for amplification is very dependent on the 
output capacitance cf the dosimeter unit. Referring to Figure 4-2, 
this capacitance is seen to essentially be the series combination 
of the two 1500 pf capacitators, that is, 750 pf. The input voltage 
to the amplifier is then calculated to be approximately 50 mv if the 
values from 4.1.1 are used. 
The response of the amplifier itself was tested using an 
Intercontinental Instrument Model PG-2 pulse generator and a Tektronix 
oscilloscope. All the testing was done with +15 volts applied to the 
amplifier circuit, an input signal frequency of 10 Hz, and a pulse 
width of 20psec. The results of the tests are shown graphically 
in Figure 4-3. 


V. DOSIMETER CHARACTERISTICS 
The r e s u l t s  of t h e  t e s t i n g  o f  e i g h t  QFE d o s i m e t e r  sys tems  a r e  
p r e s e n t e d  i n  t h i s  S e c t i o n  i n  b o t h  g r a p h i c a l  and t a b u l a r  form. The 
d o s i m e t e r s ,  each  f i l l e d  w i t h  e t h y l e n e  t o  a  p r e s s u r e  of  760 T o r r ,  a r e  
numbered from 1 t o  8 and a r e  of t h e  " r e g u l a r "  t y p e  u n l e s s  t h e  number 
i s  f o l l o w e d  by an  a s t e r i s k  which d e n o t e s  t h e  d o s i m e t e r  a s  b e i n g  of 
t h e  NC-type d i s c u s s e d  i n  S e c t i o n  11. 
5 .1  S a t u r a t i o n  Vol tage  
S a t u r a t i o n  c u r v e s  w e r e  o b t a i n e d  f o r  t h e  d o s i m e t e r s  u s i n g  t h e  
G-367 1 3 7 ~ s  o u r c e .  T h i s  s o u r c e ,  a long  w i t h  t h e  o t h e r s  used  i n  t h e  
e x p e r i m e n t a l  work, i s  d e s c r i b e d  i n  Appendix D. S a t u r a t i o n  d a t a  was 
t a k e n  i n  o r d e r  t o  d e t e r m i n e  t h e  v o l t a g e  a t  which t o  o p e r a t e  t h e  
i n d i v i d u a l  d o s i m e t e r s .  The s a t u r a t i o n  c u r v e s  a r e  shown i n  F i g u r e s  
5-1 and 5-2. The o p e r a t i n g  v o l t a g e s  de termined from t h e s e  c u r v e s  
a r e  l i s t e d  i n  Tab le  5-1. 
Tab le  5-1 Dosimeter  Opera t ing  Vol tage  
U n i t  Number 
O p e r a t i n g  Vol tage  
5.2 O r i e n t a t i o n  
The s a t u r a t i o n  c u r v e s  w e r e  de termined w i t h  t h e  d o s i m e t e r  f i b e r s  
approx imate ly  i n  t h e  v e r t i c a l  p o s i t i o n  and b e i n g  n e i t h e r  a i d e d  n o r  
h i n d e r e d  by t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d ,  Even though advanced 


dosimeter  u n i t s  of t h e  QFE type  may o p e r a t e  i n  a  low ( o r  ze ro )  
g r a v i t y  a r e a ,  t h e  g r a v i t y  e f f e c t  deserves  i n v e s t i g a t i o n .  O r i e n t a t i o n  
t e s t s  were performed on t h e  u n i t s  i n  t h e  f o u r  b a s i c  p o s i t i o n s  des-  
c r i b e d  i n  F igure  5-3. P o s i t i o n  P i s  t h e  o r i e n t a t i o n  used i n  a l l  
t e s t s  bes ides  t h e s e  t o  determine g r a v i t y  e f f e c t s .  
The o r i e n t a t i o n  tests  were performed us ing  t h e  G-367 1 3 7 ~ s  
source .  The t e s t  r e s u l t s ,  cons ide r ing  t h e  t ime between p u l s e s  a t  
p o s i t i o n  1 t o  be taken a s  0 d e v i a t i o n ,  a r e  p l o t t e d  i n  F igu res  5-4 
and 5-5. The r e s u l t s  a r e  n o t  symmetrical  because t h e  f i b e r  makes 
an  angle  of approximately 1 0 '  wi th  t h e  v e r t i c a l  o r  h o r i z o n t a l  i n  each 
of t h e  t e s t  p o s i t i o n s  ( s e e  F igure  5-3) .  I f  t h e  f i b e r  p o s i t i o n s  were 
t r u l y  v e r t i c a l  and h o r i z o n t a l ,  t h e  d e v i a t i o n  f o r  p o s i t i o n  3  would 
have been nea r ly  zero and t h o s e  f o r  p o s i t i o n s  2  and 4 would have had 
about  t h e  same va lues  b u t  oppos i t e  s i g n s .  
The r e s u l t s  vary  from u n i t  t o  u n i t  because of t h e  d i f f e r e n c e s  i n  
t h e  t e n s i o n  i n  t h e  f i b e r ,  f i b e r  l eng th ,  and c o a t i n g  th i ckness .  Dosi- 
meters  3 and 6* a r e  extremely dependent on t h e  o r i e n t a t i o n ,  i n  f a c t ,  
u n i t  3  w i l l  not  o p e r a t e  i n  p o s i t i o n  2 .  I t  i s  of i n t e r e s t  t o  no te  t h a t  
t h e  behavior  of t h e  NC u n i t s  (denoted by a s t e r i s k s )  d i d  no t  s i g n i f i c a n t l y  
d i f f e r  from t h a t  of t h e  " r e g u l a r "  u n i t s .  
5 ,3  6 0 ~ o  C a l i b r a t i o n  
The QFE dosimeter  systems were c a l i b r a t e d  f o r  6 0 ~ o  dose r a t e s  
vary ing  by approximately f i v e  o r d e r s  of magnitude. Being cons t r a ined  














and above was l o c a t e d  below t h e  d o s i m e t e r s  a l o n g  t h e  l i n e  CD i n  
F i g u r e  5-3, The lower d o s e  r a t e  d a t a  was t a k e n  w i t h  t h e  s o u r c e  
l o c a t e d  a l o n g  t h e  l i n e  AB i n  t h e  same f i g u r e .  The c a l i b r a t i o n  d a t a  
was t a k e n  u s i n g  t h e  e x p e r i m e n t a l  c o n f i g u r a t i o n  d e s c r i b e d  i n  S e c t i o n  I V  
and i s  p r e s e n t e d  i n  t a b u l a r  form i n  Tab les  5-2 and 5-3 w h i l e  t h e  
graphed r e s u l t s  a r e  shown i n  F i g u r e  5-6 and 5-7. 
The t i m e  between p u l s e s  a t  t h e  lower d o s e  r a t e s  i s  s h o r t e r  
t h a n  expec ted .  T h i s  r e s u l t s  i n  t h e  absorbed d o s e  p e r  p u l s e  
b e i n g  lower  t h a n  expec ted .  Charge l eakage  i s  r e j e c t e d  a s  t h e  p r o b a b l e  
c a u s e  of  t h e  d a t a  b e i n g  l i k e  it i s  because  of t h e  s u p e r b  i n s u l a t o r  
p r o p e r t i e s  of q u a r t z .  A r e a s o n a b l e  e x p l a n a t i o n  i s  t h a t  t h e  background 
r a d i a t i o n  i n  t h e  I r r a d i a t e d  M a t e r i a l s  Labora to ry  i s  s i g n i f i c a n t  w i t h  
r e s p e c t  t o  t h e  v e r y  low d o s e  rates. Th i s  would c a u s e  t h e  obse rved  
e f f e c t  and would b e  n e g l i g i b l e  a t  t h e  h i g h e r  r a t e s .  L i t t l e  s i g -  
n i f i c a n c e  i s  t h u s  a t t a c h e d  t o  t h e  observed r e l a t i v e l y  low dose  p e r  
p u l s e  r e a d i n g s  a t  t h e  low d o s e  r a t e s .  
While examining t h e  6 0 ~ o  c a l i b r a t i o n  d a t a  shown i n  F i g u r e s  5-6 
and 5-7, it shou ld  be  k e p t  i n  mind t h a t  t h e  d a t a  c o v e r s  f i v e  decades .  
The r e s u l t s  a r e  q u i t e  good f o r  t h e s e  e a r l y  developmenta l  u n i t s  and 
a r e  n e a r l y  l i n e a r  o v e r  a v e r y  l a r g e  range  of  v a l u e s ,  The NC u n i t  7* 
e x h i b i t e d  e r r a t i c  behav io r  a t  t i m e s  and f i n a l l y  q u i t  o p e r a t i n g  b e f o r e  
t h e  low d o s e  r a t e  c a l i b r a t i o n  cou ld  be  made, The NC u n i t s ,  as s e e n  
from a comparison of 6 *  and 8 ,  behave i n  a manner s i m i l a r  to t h a t  of 
t h e  " r e g u l a r "  u n i t s .  
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Between Be tween 
Notes: a, The data for dosimeter 1 was taken at a slightly higher (about 2%) dose rate, but 
the results have been normalized to compare with the others. 
b, The calibration for 260mrad/hr and above was done using G-454 and G-2 was used for 
the lower rates. (see Appendix D) 
e ,  The calibration times between pulses are averages over several pulses except for the 
long counts. 
d, The temperature during the calibration was 25 * 3OC,  
Table 5-3 6 0 ~ o  C a l i b r a t i o n  Data f o r  Dosimeters 5, 6*, 7 * ,  and 8 
Notes: a ,  Dosimeter 5 was n o t  i n  o p e r a t i o n  a t  t h e  t ime of t h e  c a l i b r a t i o n  tests. 
b. Dosimeter 7* d i d  n o t  o p e r a t e  p rope r ly  a f t e r  t h e  high dose r a t e  c a l i b r a t i o n .  
e. The c a l i b r a t i o n  f o r  260mrad/hr and above was done us ing  G-454 and G-2  was 
used f o r  t h e  lower rates. (See Appendix D) 
d,  The c a l i b r a t i o n  t i m e s  between p u l s e s  are averages  over  s e v e r a l  pu l se s  except 
f o r  t h e  long counts .  
e. The tempera ture  du r ing  t h e  c a l i b r a t i o n  was 27 *5OC. 


may be more in fo rma t ive  t o  some r eade r s .  A f i x e d  va lue  of  t h e  ab- 
sorbed dose p e r  p u l s e  can be s e l e c t e d  and t h e  d e v i a t i o n  from t h i s  
va lue  p l o t t e d  ve r sus  t h e  t r u e  dose r a t e .  This  has been done f o r  t h e  
c o l l e c t e d  d a t a  and t h e  percentage-wise r e s u l t s  a r e  t a b u l a t e d  i n  
Table 5-4 and some a r e  p l o t t e d  i n  F igure  5-8. These r e s u l t s  show 
t h a t  t h e  d e t e c t e d  t i s s u e  equ iva l en t  dose i s  w i t h i n  about 1 0 %  of t h e  
t r u e  dose over a  range of more than f o u r  decades of dose r a t e  f o r  t h e  
ma jo r i t y  of t h e  dos imeters  t e s t e d .  Again, background r a d i a t i o n  probably 
caused t h e  l a r g e  d i sc repanc ie s  a t  t h e  low dose r a t e s .  Dosimeters 3  and 
6* show a  l a r g e r  percen tage  d e v i a t i o n  from t h e  t r u e  dose than  t h e  o t h e r s ,  
b u t  it should be noted t h a t  t h e i r  va lues  of absorbed dose p e r  p u l s e  
a r e  much sma l l e r  t han  t h a t  of t h e  o t h e r  dos imeters  t e s t e d .  
5.4 Temperature E f f e c t s  
The tests t o  determine temperature  e f f e c t s  on t h e  dosimeters  
were performed i n s i d e  a  Tenney-mite environmental  chamber u s ing  t h e  
G-2  6 0 ~ o  source  l o c a t e d  above t h e  u n i t s  a long l i n e  CD a s  shown i n  
F igure  5-3. The dose r a t e s  i n  t h e  exper imental  con f igu ra t ion  used a r e  
no t  w e l l  known enough t o  conver t  t h e  t ime between pu l se s  t o  dose p e r  
pu l se ,  b u t  t h e  approximate dose r a t e s  a r e  i n d i c a t e d  f o r  t h e  time- 
temperature  d a t a  shown i n  F igures  5-9 and 5-10. 
The t e s t  of dosimeter  5 was s t a r t e d  a t  70°F and d a t a  was taken  
f o r  s e v e r a l  temperatures  up through 180°F, A f t e r  coo l ing  aga in  t o  
70°F, t h e  u n i t  opera ted  b r i e f l y  and then  q u i t .  Examination of t h e  
u n i t  d i d  no t  g i v e  any c l u e s  a s  t o  t h e  cause of t h e  f a i l u r e ,  
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The c a l i b r a t i o n  d a t a  can be d i sp l ayed  i n  another  manner which 
T a b l e  5-4 
D e v i a t i o n  of D o s e / P u l s e  from a S e l e c t e d  V a l u e  
D o s e  R a t e ,  
m r a d / h r  8 D e v i a t i o n  o f  lmrad from S e l e c t e d  v a l u e 1  p u l s e  
S a m p l e  c a l c u l a t i o n  of d e v i a t i o n  f o r  d o s i m e t e r  1 a t  
6 4 , 1 1 0  m r a d / h r :  




The o v e r a l l  v a r i a t i o n  of  t h e  t i m e  between p u l s e s  w i t h  t e m p e r a t u r e  
i s  r e p r e s e n t e d  by t h e  d a t a  i n  Tab le  5-5. 
Tab le  5-5 S lope  of t h e  Temperature Dependence 
The NC u n i t s  e x h i b i t  a  r e l a t i v e l y  s t r o n g  n e g a t i v e  s l o p e .  The re- 
s u l t  i s  t h a t  a t  h i g h e r  t e m p e r a t u r e s ,  t h e r e  i s  less t i m e  between 
p u l s e s  a t  c o n s t a n t  d o s e  r a t e s .  I n  o t h e r  words, t h e  n e c e s s a r y  amount 
of  r a d i a t i o n  c o l l e c t e d  t o  c a u s e  a  p u l s e  i s  less a t  h i g h e r  t e m p e r a t u r e s .  
The " r e g u l a r "  u n i t s  e x h i b i t  much weaker dependence, b u t  i n  b o t h  
d i r e c t i o n s .  
A p a r t i a l  e x p l a n a t i o n  can  be  reasoned  by s a y i n g  t h a t  t h e  NC 
u n i t  f i b e r s  become more e l a s t i c  a t  h i g h e r  t e m p e r a t u r e s  and t h u s  t a k e  
less f o r c e  ( p r o p o r t i o n a l  t o  cha rge  c o l l e c t e d  which i s ,  i n  t u r n ,  pro- 
p o r t i o n a l  t o  t h e  i n t e g r a t e d  d o s e )  and consequen t ly  less t i m e  t o  cause  
a  p u l s e  t o  occur .  By t h e  same token ,  however, t h e  f i b e r s  i n  t h e  
" r e g u l a r ' h n i t s  a l s o  become more e l a s t i c .  The f i b e r s  a r e  i n  t e n s i o n  
a g a i n s t  t h e  r o d s  and whether  o r  n o t  t h e y  t a k e  more o r  less f o r c e  t o  
be pushed away depends on how e l a s t i c  they become, t h e  f i b e r  l eng th ,  
and t h e  t ens ion .  Depending on t h e s e  f a c t o r s ,  t h e  f i b e r  w i l l  have 
t o  be  b e n t  e i t h e r  more o r  l e s s  a t  e l eva t ed  temperature  t o  break 
c o n t a c t  w i th  t h e  rod.  
I t  should be  mentioned t h a t  t h e s e  temperature  dependencies do 
no t  become s i g n i f i c a n t  u n t i l  h igh dose r a t e s  a t  extreme temperatures  
a r e  encountered.  For i n s t a n c e ,  us ing  t h e  s l o p e  c a l c u l a t e d ,  
t h e  d i f f e r e n c e  i n  t h e  number of m i l l i r a d s / p u l s e  ( t a k i n g  1 0  a s  t h e  
normal va lue )  f o r  a  temperature  d i f f e r e n c e  of 50°F and a t  a dose r a t e  
of 1 rad /hr  i s  about  28%.  
5.5 V ib ra t ion  and Shock 
Dosimeter 1 was sub jec t ed  t o  t h e  s imula ted  miss ion v i b r a t i o n  and 
shock t e s t s  s p e c i f i e d  by NASA-MSC f o r  t h e i r  space q u a l i f i e d  r a d i a t i o n  
d e t e c t i o n  ins t ruments .  The dosimeter  was t e s t e d  us ing  t h e  G-367 
137 C s  source  and i t s  ope ra t ion  a f t e r  t h e  s imu la t ion  t e s t s  i s  es-  
s e n t i a l l y  t h e  same a s  i t  was be fo re  they were performed. ( r e f e r  t o  
Table 5-6) 
Table 5-6 
Comparison of Data Taken Before and A f t e r  t h e  Mission 
Vib ra t ion  and Shock Tes t s  
5.6 Gas Leak Tank 
T h e  QFE d o s i m e t e r s  a r e  f i l l e d  t o  a  p r e s s u r e  of  760 To r r  ( i . e ,  
1 atm.) w i t h  e t h y l e n e .  Dosimeter 1 w a s  t e s t e d  f o r  gas l e a k s  with 
a Veeco MS-12 l e a k  d e t e c t o r .  The l e a k  r a t e  was found t o  b e  
1.8 (10 - lo )  atm-cc/sec ( H e )  which i s  o n l y  abou t  20% above t h e  
background r e a d i n g .  
RY AND COMCLUSIONS 
The major  accomplishments of t h i s  work a r e  summarized below: 
1. T h e o r e t i c a l  c o n s i d e r a t i o n s  t o  p o i n t  o u t  t r e n d s  i n  i n t r i n s i c  
behav io r  were fo rmula ted  t o  a i d  i n  t h e  d e s i g n  and s i z i n g  o f  t h e  
q u a r t z  f i b e r  e l e c t r o m e t e r .  
2.  Smal l  au toma t i c  r e c y c l i n g  q u a r t z  f i b e r  e l e c t r o m e t e r s  w e r e  
des igned ,  developed,  and c o n s t r u c t e d .  
3 .  T i s s u e  e q u i v a l e n t  i o n i z a t i o n  chambers f o r  u s e  w i t h  t h e  
q u a r t z  f i b e r  e l e c t r o m e t e r s  w e r e  des igned  and b u i l t .  
4 .  The q u a r t z  f i b e r  e l e c t r o m e t e r  dos imete r  sys tems,  complete 
w i t h  t h e  p u l s e  shap ing  e l e c t r o n i c s ,  w e r e  t e s t e d  t o  de te rmine  t h e i r  
a p p l i c a b i l i t y  f o r  u se  a s  s p a c e  q u a l i f i e d  r a d i a t i o n  d e t e c t i o n  i n -  
s t r umen t s .  
A s  a r e s u l t  of  t h i s  dos imete r  s t u d y ,  t h e  fo l l owing  conc lu s ion  
i s  drawn: 
1. The performance of  t h e  dos ime te r s  i n  t h e  tests  conducted 
( i .e .  o r i e n t a t i o n ,  h igh  and low dose  r a t e  G o ~ o  c a l i b r a t i o n ,  
t empera tu re ,  v i b r a t i o n  and shock,  and gas  lealc) i n d i c a t e s  t h a t  t h e y  
can indeed  be developed i n t o  mer i tous  space  q u a l i f i e d  r a d i a t i o n  
dos ime te r s  . 
V I I .  RECOMMENDATIONS FOR FURTHER 1I;VCSTIGATION 
In  view of t h e  f i n d i n g s  of  t h i s  s tudy,  t h e  fo l lowing  sugges t ions  
a r e  made f o r  f u t u r e  work on q u a r t z  f i b e r  e l ec t rome te r  dosimeter  
systems : 
1. FIethods t o  a c c u r a t e l y  c o n t r o l  and s e l e c t  t h e  f i b e r  d iameter  
should be employed. 
2.  The Signa-Kote coa t ing  on t h e  q u a r t z  f i b e r s  should be  made 
a s  p e r f e c t l y  uniform a s  p o s s i b l e .  
3 .  New methods of a t t a c h i n g  t h e  f i b e r s  t o  t h e i r  suppor t  rods  
should be  considered.  
4. It should be determined whether o r  n o t  t h e  a p p l i c a t i o n  of 
a  base  c o a t  of meta l  on t h e  q u a r t z  rod be fo re  gold d e p o s i t i o n  w i l l  
s i g n i f i c a n t l y  enhance t h e  e l ec t rome te r  performance, 
5. The q u a n t i t a t i v e  e f f e c t  of e thy lene  p re s su re  v a r i a t i o n  
should be determined. 
6 .  The dosimeter response t o  a lpha ,  b e t a ,  and pro ton  r a d i a t i o n  
should be  measured. 
7.  I t  should be determined which type  of e l ec t rome te r ,  NC o r  
" r e g u l a r " ,  can be most p r e d i c t a b l y  cons t ruc ted .  
8. Although it i s  suspec ted  t h a t  almost  any va lue  between about  
1 and PO0 mrad/pulse i s  f e a s i b l e ,  a l l  f a c t o r s  i n f luenc ing  t h e  c o n t r o l  
and adjustment  of t h e  absorbed dose pe r  pu l se  should be i n v e s t i g a t e d  
t o  determine t h e  p r a c t i c a l  l i m i t a t i o n s .  
9 .  Cons idera t ion  should be given t o  t h e  development of a  s e l f -  
contained dosimeter  system complete wi th  r a d i a t i o n  d e t e c t i o n  e lement ,  
b a t t e r y  pack, e l e c t r o n i c s  package, e l ec t ro luminescen t  d i g i t a l  d i s p l a y ,  
and anodized aluminum case .  
APPENDIX A 
TISSUE EQUIVALENT I O N  CHWIBER 
I t  h a s  been i n d i c a t e d  (I5) t h a t  t i s s u e  e q u i v a l e n c e  depends on t h e  
m a t e r i a l s  used i n  t h e  i o n  chamber hav ing  t h e  same number of  e l e c t r o n s  
p e r  u n i t  volume a s  t i s s u e .  T h i s  number, f o r  a  g i v e n  s u b s t a n c e ,  i s  
p r o p o r t i o n a l  t o  t h e  r a t i o  of t h e  a tomic  number of t h e  mass number 
( i .e .  Z/A). 
The e lements  composing human muscle t i s s u e  and t h e i r  w e i g h t  
p e r c e n t a g e s  have  been p r e s e n t e d  i n  t h e  l i t e r a t u r e  (16)  . The t o t a l  
Z number is g i v e n  a s  55.087. The A number c a l c u l a t i o n  i s  shown i n  
Table  A-1 .  
Table  A-1 T o t a l  Mass Number o f  Human Muscle T i s s u e  
-- 
E f f e c t i v e  A = 9 9 . 9 0 1  
76  
The (Z/A) v a l u e s  f o r  muscle t i s s u e ,  D e l r i n ,  and e t h y l e n e  a r e  
v e r y  n e a r  one  a n o t h e r  a s  s e e n  i n  Tab le  A-2. 
Table  A-2 ( Z J A )  Values  for T i s s u e ,  D e l r i n ,  and E t h y l e n e  
Subs tance  D e l r i n  ((3-12 0)  Ethy lene  (C21-i4) 
A d d i t i o n a l  t e s t imony  t o  D e l r i n  b e i n g  a  good t i s s u e  e q u i v a l e n t  
m a t e r i a l  i s  t h a t  t h e  a t t e n u a t i o n  and a b s o r p t i o n  c o e f f i c i e n t s  a r e  v e r y  
c l o s e  t o  one  a n o t h e r .  ( T h i s  a c t u a l l y  s tems from t h e  s i m i l a r i t y  o f  
(Z/A) v a l u e s . )  The numbers (17) i n  T a b l e  A-3  show t h e  p r o x i m i t y  o f  
t h e s e  c o e f f i c i e n t s :  
Table  A-3 A t t e n u a t i o n  and Absorp t ion  C o e f f i c i e n t s  of D e l r i n  & T i s s u e  
On t h e  b a s i s  of t h e  above p r e s e n t e d  mate r i a l . ,  t h e  D e l r i n - e t h y l e n e  
system i s  s a i d  t o  be  t i s s u e  e q u i v a l e n t ,  
APPENDIX B 
STOPPING POWER CALCULATIOI'I 
The p i n  t h e  Bragg-Gray t h e o r y  is  t h e  mass s t o p p i n g  power r a t i o .  
= m a s s  s t o p p i n g  power o f  g a s  
There  a r e  p u b l i s h e d  fo rmulas  by which p may b e  c a l c u l a t e d  when t h e  
medium and t h e  g a s  a r e  known. The f o l l o w i n g  t a b l e  l i s t s  t h e  r e s u l t s  
of c a l c u l a t i o n s  f o r  e t h y l e n e  g a s  and a  D e l r i n  medium. 
T a b l e  B-1  Mass S topp ing  Power R a t i o  Using D e l r i n  and E thy lene  
Average -- 0 . 9 0 4  
APPENDIX C  
PHYSICAL PROPERTIES OF MATERIALS USED 
I N  TIlE QFE DOSIlllETER SYSTEFl 
1. Q u a r t z  ( R e f .  2 1 )  
P r o p e r t y  V a l u e  
D e n s i t y  ............................ 2 . 2 g / c c  
........................... H a r d n e s s  4,911110s 
T e n s i l e  S t r e n g t h  ................... 7 , 0 0 0  p s i  
............... C o m p r e s s i v e  S t r e n g t h  > 1 6 0 , 0 0 0  p s i  
....................... ~ u l k  ~ t o d u l u s  -5.3 ( 1 0 6 )  p s i  
................... R i g i d i t y  llodulus 4 . 5  ( l o 6 )  p s i  
............. Y o u n g ' s  P l o d u l u s  ..... .'. 1 0 . 4  ( l o 6 )  psi* 
P o i s s o n ' s  R a t i o  .................... 0 . 1 6  
T h e r m a l  C o n d u c t i v i t y  ............... 0 . 0 0 3 3  ca l / s ec - cm- 'C  
S p e c i f i c  Heat ...................... 0 . 1 8  cal/g 
.................... S o f t e n i n g  P o i n t  -1665OC 
C o e f f i c i e n t  of T h e r m a l  
-1 
................ E x p a n s i o n . .  . (avg.) 5 . 5  oc (2o0C-320°C)  
.................... A n n e a l i n g  P o i n t  - 1140°C  
S t r a i n  p o i n t  ....................... 1 0 7 0 ° C  
.............. E l e c t r i c a l  R e s i s t a n c e  9 . 5  l og loR  f o r  cm3 a t  3 5 0 ° C  
D i e l e c t r i c  C o n s t a n t  ................ 3 . 7 5  a t  20°C ,  1 m c  
............. D i e l e c t r i c  L o s s  F a c t o r  < 0 . 0 0 0 4  a t  20°C,  1 mc 
I n d e x  o f  R e f r a c t i o n  ................ 1 . 4 5 8 5  
2 ,  E t h y l e n e  ( R e f .  2 2 )  
Synonym ............................ E t h e n e  (C2Ilq) 
F a m i l y  ............................. O l e f i n  H y d r o c a r b o n  of 
A l k e n e  F a m i l y  
~ l o l e c u l a r  Weight ................... 2 8 . 0 5  
B o i l i n g  P o i n t  (1 a t m . )  ............. -154.66OF (-103.7OC) 
F r e e z i n g  P o i n t  (1 a t m . )  ............ - 2 7 3 . 1 ° F  (-169.5OC) 
S p e c i f i c  G r a v i t y ,  A i r  = 1 .......... 0 . 3 7 8  
C r i t i c a l  T e m p e r a t u r e  ............... 48.65OF (9 .25OC)  
C r i t i c a l  P r e s s u r e  .................. 7 3 5  p s i a  ( 5 0  a t m . )  
C r i t i c a l  D e n s i t y  ................... 0 . 2 8 8 g / c c  
......... T h e r m a l  C o n d u c t i v i t y ,  3  2OF 0 . 0 1 0 1  DTU- in .  / h r - f  t 2 - ' ~  
Cp; 15OC, 1 a t m  .................... 0 . 3 5 9 2  ca l /g -OC 
Cv; 15OC, 1 a t m  .................... 0 . 2 8 5 8  ca l / g - 'C  
F l a m m a b l e  L i m i t s  i n  A i r  ............ 3 . 1 - 3 2 . 0 %  ( b y  v o l u m e )  
A u t o i g n i t i o n  T e m p e r a t u r e  ........... 1 0 0 9 ° F  
............... V i s c o s i t y ;  gas ,  15OC 0 * 0 0 9 9  cen t ipo i se  
* R e f e r  t o  S e c t i o n  2 . 1 . 4  
3. ~elrin (Ref. 23) 
Formula ............................ 
Melting Point ...................... 
Specific Heat ...................... 
............... Thermal Conductivity 
Specific Gravity ......,............ 
Poisson's Ratio .................... 
................ Surface Xesistivity 
Coefficient of Linear 
................ Thermal Expansion 
Dielectric: Strength ,.............. 
.............. ~ielectric Constant 
(73"F, 50% R.H.) 
Value 
4.2 (10"~) "~-1(-40 to +35"F) 
5.0 (lom5) 0F'l(+35 to +140°F) 
5.5 (loe5) 0~'~(+140 to +220°F) 
5,870 volts/mil @ 1.2 mils 
thick 
1,210 volts/mil @ 20 mils 
thick 





4. Aluminum (Ref. 24) 
Type ............................... 6061 





Specific Gravity ................... 2.70 
Density 0.093 lb/in 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Melting Range ...................... --1080-1205°F 
............ Electrical Conductivity 40 ( %  of Cu) 
........ Thermal Conductivity (25°C) 0.37 CGS units 
Average Coefficient of 
Thermal Expansion ................ 12.0(10-~)"~-~(-76~~ to + 68°F)  
13.1 0F-1(+~90~ to 212OF) 
APPENDIX D 
DOSE vs .  DISTANCE DATA FOR R A D I A T I O N  
SOURCES USED I N  THE EXPERIMENTS 
The dose r a t e s  a t  v a r i o u s  d i s t a n c e s  from t h e  gamma sources  
used i n  t h e  experiments a r e  p re sen ted  i n  t h i s  appendix. The sou rces  
a r e  i d e n t i f i e d  i n  Table D - 1  and t h e  graphed in format ion  fo l lows  i n  
F igu res  D - 1 ,  D-2, and D-3.  
Table D - 1  Source I d e n t i f i c a t i o n  
emperature,  
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